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To determine the relation of heart rate and systolic func-
tion to echocardiographically derived indexes of left ven-
tricular relaxation, M-mode echocardiograms of the left
ventricle and mitral valve with a simultaneous phono-
cardiogram were recorded at rest from 28 normal men.
The effects of altering the inotropic state and ventricular
loading conditions were examined during isometric
handgrip exercise and the Valsalva maneuver in a subset
of 15 men. The left ventricular endocardial echocardio-
grams were digitized to provide a display of left ven-
tricular internal dimension and its first derivative (dD/dt).
The time course of relaxation, defined as the in-
terval from left ventricular minimal systolic dimension
to the point when the rate of change of dimension (dD/dt)
decreased to 50% of peak, was directly related to the
RR interval (r = 0.64, P < 0.0001) in the entire group,
and this relation remained throughout the interventions.
Abnormalities of cardiac relaxation, as manifested by changes
in the rapid filling phase of the left ventricle, have been
described in a variety of disease states (1-5). In these studies
the rapid filling phase has been characterized by indexes of
the filling rate or by the degree of filling, or both, within a
specified proportion of diastole. Intergroup comparisons of
these indexes of diastolic function have been based on two
implicit assumptions: 1) that they are not affected by systolic
function and inotropic state, and 2) that, irrespective of heart
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The slopes of the regression lines of relaxation time (RT)
and electromechanical systole (QSz) on the RR interval
were similar. Diastolic time decreased proportionately
more than relaxation time as the RR interval decreased,
so that the proportion of diastole occupied by the relax-
ation time varied with cycle length. Peak diastolic dD/dt,
normalized for variations in end-diastolic dimensions
([dD/dt]/D), was directly related to left ventricular short-
ening fraction (r = 0.71 p < 0.0001) and this relation
remained during isometric grip. There was no correla-
tion between the heart rate at rest and (dD/dt)/D over
the range of 44 to 99 beats/min.
It is concluded that the cardiac cycle length and short-
ening fraction are important variables associated with
the time course and peak rate of cardiac muscle length-
ening, respectively. Both must be included in any inter-
group comparisons of diastolic function.
rate, relaxation time and rapid filling phase occupy a spec-
ified proportion of diastole.
Systolic time intervals have been widely used as indexes
of systolic function. However, these intervals are known to
be affected by heart rate and loading conditions (6)-there-
fore, those factors must be included when quantitating pa-
tient responses. It has not been well defined in either animals
or man whether indexes of the rapid filling phase are also
influenced by loading conditions and heart rate. As heart
rate increases, the decrease in the length of diastole is pro-
portionately more than that of systole (7). For this reason,
it may also not be appropriate to define the rapid filling
phase as a percentage of diastole when heart rates differ
between subjects. This question has not been examined over
a range of heart rates at rest in human beings.
Relaxation of isolated mammalian cardiac muscle is de-
pendent on the interplay of the rate of inactivation of con-
tractile units and the dynamic loading conditions during
contraction and relaxation (8). In addition, the velocity of
lengthening of cardiac muscle strips is very closely related
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to the extent of shortening during contraction (9). In the
intact heart, inotropic interventions alter the time constant
of left ventricular pressure decay during isovolumic relax-
ation (10,11), which suggests that the inotropic state can
affect relaxation. The relative roles of the inotropic state,
systolic shortening and loading factors on the duration of
relaxation and the velocity of lengthening have not been
defined for the intact heart.
The volume of the left ventricle in both animals (12,13)
and normal human subjects (1,14) is very closely related to
the diameter of the transverse dimension or minor axis of
the ventricle. M-mode echocardiography can depict this di-
mension at rates up to 2,000/s, thus providing a unique tool
for examining time intervals and velocities of wall motion.
Therefore, this method is well adapted for characterizing
relaxation of the left ventricle in normal subjects. In this
report, we examine the relations between 1) the inotropic
state or heart rate and the time course of left ventricular
relaxation, and 2) systolic function and the velocity of
lengthening.
Methods
Subjects. High quality M-mode echocardiograms were
recorded from 28 men ranging in age from 18 to 61 years.
Subjects with any known disease were excluded. Subjects
above the age of 35 were interviewed to exclude cardiovas-
cular symptoms and they all had a normal 12 lead electro-
cardiogram. Verbal consent was obtained from all subjects
and the protocol was approved by the Human Investi-
gation Committee.
Protocol. All subjects rested on an examining table in
a quiet room with subdued light for 20 minutes before any
recordings were obtained. Blood pressure was measured by
a cuff sphygmomanometer just before the echocardiographic
study.
M-mode echocardiograms of the left ventricle and mitral
valve were obtained (Hoffrel 201 System) using a 2.25
MHz focused transducer. For optimal visualization of the
left ventricular structures, subjects were examined in a semi-
left lateral position with a 10 to 15° elevation of the shoul-
ders. An unfiltered phonocardiogram was obtained from the
second left interspace along the left sternal border. A 3 lead
electrocardiogram was positioned to provide an equivalent
lead II. All data were recorded on a Honeywell fiberoptic
recorder (model LS6A Visicorder) at paper speeds of 100
or 200 mm/s. Echocardiograms of the left ventricle were
obtained using the criteria of Popp et al. (15) and were
recorded in a magnified mode with the interventricular sep-
tum at the upper margin and the posterior wall at the lower
margin of ultraviolet sensitive paper.
Increased sympathetic stimulation and increased after-
load. After these initial recordings, a subset of 15 younger
subjects was selected in whom the echographic studies of
the left ventricle were most easily obtained. The effects of
increased sympathetic stimulation, in conjunction with an
increased afterload, were studied by having the subject per-
form isometric handgrip exercise at 30% of maximal vol-
untary grip on a hand dynamometer. Maximal voluntary
grip was the greatest of three trials performed before the
initial rest period. Blood pressure and the echophonocar-
diographic data were recorded after the second minute of
isometric grip. The subjects then rested for 10 to 15 minutes,
by which time their blood pressure and heart rate returned
to baseline levels, and control data were then recorded again.
Valsalva maneuver. The Valsalva maneuver was next
performed in this subset of 15 subjects to observe the effects
of decreased preload and afterload. The maneuver was in-
itiated by having the subject blow a mercury column to a
height of 30 to 40 mm. This effort was begun from end-
expiration to avoid an air interface interfering with sound
transmission. The echocardiographic recordings were insti-
tuted as soon as the left ventricular dimension was seen to
decrease. Six to 10 cardiac cycles were recorded, first
from the left ventricle and then from the mitral valve. Cuff
blood pressures could not be satisfactorily recorded in this
10 to 15 second interval and the muscular effort precluded
satisfactory phonocardiograms. Left ventricular studies were
technically adequate in only 10 subjects during the Valsalva
maneuver.
Measurements. All dimension and time interval mea-
surements were digitized at 0.01 inch and 2.5 ms intervals
using a commercially available microprocessor system
(Graphics Analyzer, Numonics Corporation) and reported
as the average of five cycles to minimize respiratory vari-
ation effects. A continuous plot of the left ventricular minor
axis (dimension) was derived from a digitized trace of the
endocardial echos of the interventricular septum and pos-
terior wall. The rate of change of dimension (dD/dt) was
derived after a seven point quadratic smoothing technique
was applied to the data twice (lower tracing, Fig. 1). Left
ventricular internal dimensions were measured from leading
edge to leading edge of the endocardial echoes. Left ven-
tricular internal dimension at end-diastole (LVIDd) was ob-
tained at the peak of the R wave, and left ventricular internal
dimension at end-systole (LVIDs) was measured as the
smallest systolic dimension from the digitized plot of di-
mension. A line corresponding to the onset of Az was used
to help identify this point (illustrated as a vertical dashed
line in Figure 1). The shortening fraction was defined as SF
=:: (LVIDd - LVIDs)/LVIDd. The peak rate of increase
in dimension, normalized for the end-diastolic dimension
([dD/dt]/D), was definedas (dD/dt)!D =:: (peak dD/dt)/LVIDd.
The normalization of the velocity of lengthening allows a
comparison of lengthening velocities 1) between different
sized ventricles, and 2) with the systolic shortening fraction.
An identical approach has been used in comparing length-
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Figure 1. Methods for analysis of left ventricular internal dimen-
sion are shown. A, The original left ventricular M-mode echogram
and phonocardiogram (phono); B, a traced printout of the digitized
endocardial surfaces; C, plot of minor axis dimension versus time;
and D, the first derivative of this dimension (dD/dt) versus time.
The dashed vertical line within all the plots defines the onset of
the aortic closure sound (A2). The measurement points for the
intervals QSz, relaxation time (RT), and relaxation time to peak
velocity of lengthening (RTp) plus, the dimensions LVIDs and
LVIDd are shown. Digitizing only one or two cardiac cycles for
each input to the microprocesor resulted in a printout with a time
base of 96 to 192 mrn/s. EKG = electrocardiogram; IV = inter-
ventricular; LVIDd = left' ventricular internal dimension at end-
diastole; LVIDs = minimal left ventricular internal dimension in
systole; QSz = electromechanical systole.
ening velocities between isolated cardiac muscle strips of
varying lengths (9).
The time intervals measuredfrom the original recordings
were defined as follows: RR = cardiac cycle length; QS2
= time from the first deflection of the QRS to the onset of
the first high frequency deflection of the aortic closure sound
(A2); A2E = time from the first high frequency deflection
of A2 to the point of maximal anterior movement of the
anterior mitral leaflet; ArD = isovolumic relaxation time,
defined as the time from A2 to the initial separation of the
anterior and posterior mitral leaflets; and A2SI = total di-
astolic time, measured as the time from A2 to the onset of
the first major amplitude deflection of the first heart sound.
The microprocessor outputs were utilized for measuring
the following intervals: LVIDs-A2 = protodiastole, defined
as the time from the point when - dD/dt reaches zero (min-
imal left ventricular internal systolic dimension) to A2; RT
= total relaxation time, defined as LVIDs to the point when
dD/dt decreases to 50% of peak-an arbitrary point, as
judged by visual inspection of several hundred printouts,
that corresponds to the latter portion of the transition be-
tween the rapid and slow filling phases; and RTp = relax-
ation time from LVIDs to peak dD/dt (Fig. 1). The duration
of the rapid filling period was calculated as RT - ([ArD] +
protodiastole) .
Statistical analysis. The interobserver variability of ve-
locity measurements was determined by three observers in-
dependently measuring 10 randomly selected left ventricular
echograms, and the measurement variability of the total
relaxation time interval was examined by two observers
independently measuring 10 randomly selected digital plots
of dimension and dD/dt. The variance between observers
versus the intersubject variance was calculated by an anal-
ysis of variance (ANOYA). The interobserver variability
for all the measurements was significantly less than that of
the intersubject variability (p = 0.0001).
An analysis of variance was used to compare subjects
under 45 years of age with the older subjects, and to quan-
titate the responses to the interventions. When significant
differences (p < 0.05) between groups were found, inter-
group differences were evaluated by Tukey's procedure for
multiple comparisons and values of p < 0.05 were consid-
ered significant. Linear regression analyses were performed
to compute the slope, intercept, standard error of the esti-
mate and correlation coefficient for the experimental vari-
able. The equality of regression lines between groups was
tested using a small sample t test for parallelism. All values
are reported as mean ± standard deviation.
Results
Rest observations in all subjects. The indexes of
relaxation for the 28 normal men (Table 1) were obtained
over a range of heart rates at rest from 44 to 95 beats/min.
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Table 2. Correlation Matrix of Relaxation Phase Indexes and
Variables of Systolic Function in 28 Normal Men
dD/dt peak = peak lengthening velocity of the left ventncular minor
axis; (dD/dt)/D = dD/dt peak divided by the left ventricular internal di-
mension atend-diastole; RTp = interval from the minimal left ventncular
dimension in systole to dD/dt peak.
*p os 0.001
ArD = isovolumic relaxation penod; A2-E = interval from A2 tothe
Epoint of the mitral valve echogram; (dD/dt)1O = dD/dt peak divided by
the left ventricular internal dimension atend-diastole, dD/dt peak = peak
lengthenmg velocity ofthe left ventricular minor axis: -dD/dt peak = peak
shortening velocity of the left ventncular mmor axis; QSz = electrome-
charucalsystole, RR = cycle length; RT = relaxanon nrne: RTp = mterval
from the rmnimal left ventricular dimension in systole to dD/dt peak: SF
= shortening fraction.
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2). There was no correlation between either the systolic or
diastolic blood pressure and the relaxation time interval.
Isovolumic relaxation time tended to be directly related to
the systolic blood pressure (r = 0.42, P = 0.05).
The normalized velocity of lengthening ([dD/dt]/D) was
directly related to the shortening fraction (SF) (Fig. 3) and
also to the peak velocity of systolic shortening (- dD/dt)
(Table 2). The (dD/dt)/D was inversely related to the relax-
ation time interval (r = 0.43, P < 0.05). Stepwise linear
regression analysis demonstrated that only the shortening
fraction and relaxation time independently contributed to
the model explaining variability in (dD/dt)/D ([dD/dt]/D =
9.11 SF - 0.10 RT + 16.91, r = 0.80, P < 0.0001).
However, (dD/dt)/D was not directly related to the RR in-
terval despite the wide range of heart rates at rest. Velocity
measurements did not correlate with either the systolic or
thediastolic blood pressure.
Both diastole (A2S I ) and relaxation time increased as
cycle length increased. However, relaxation time increased
proportionately less so that it occupied a progressively smaller
portion of diastole as cycle length increased (Fig. 4).
Response to maneuvers (Table 4). Isometric handgrip
produced significant increases in heart rate and systolic blood
pressure. The decrease in the RR interval was associated
with concomitant decreases in the relaxation time and QS2
intervals, and the slopes of the regression lines were not
discernibly different from those observed at rest. There was
no correlation between the increments in systolic blood pres-
Figure 2. Plotof the regression lines for QSz andrelaxation time
(RT) (ordinate) versus cardiac cyclelength (abscissa). Theregres-
sion equations are y = 271 ± 0.13x and y = 96 + Ol lx for
QSz and RT, respectively. The closed circles represent subjects
under age 45 and the open circles are subjects 45 or older; and
their regression lines were not significantly different (p > 0.05).
QS2 = electromechanical systole.
Mean
-0.27
0.09
0.45
024
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0.56*
-dD/dt peak
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-0.09
019
005
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071 *
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33-195
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2.02-5.04
0.54*
0.32
019
0.04
-0.55*
-054*
RR
0.64*
0.39
-0.15
0.00
-0.25
-0.25
Range
Relaxation time (ms)
Protodiastole (ms)
Isovolumic relaxanon (ms)
Rapid filling penod (ms)
RTp (ms)
dD/dt peak (cm/s)
(dD/dt)1O (s- ')
RT
RTp
A2-D
A2-E
dD/dt peak
(dD/dt)/D
Neither the time intervals nor the velocity measurements
were significantly related to age.
Table 2 shows the relation between indexes of relaxation
versus variables of systolic function and the cycle length.
The relaxation time interval was directly related to the
RR interval. The QSz interval was also dependent on the
RR interval and the slopes of the regression lines of relax-
ation time and QSz on the RR interval were not significantly
different (Fig. 2). These relations can also be expressed
with the heart rate as the independent variable, which allows
comparisons with prior studies of systolic time intervals
(Table 3).
Neither the isovolumic relaxation time (AzD) nor the
interval from Az to the E point of the mitral echogram (AzE)
was related to the RR interval, whereas the duration of the
rapid filling wave was directly related to the RR interval (r
= 0.62, P < 0.001). The time from left ventricular internal
dimension at end-systole (LVIDs) to peak dD/dt (RTp),
which included only the initial portion of the rapid filling
wave, had a weaker relation with the RR interval (Table
Table 1. Time Interval and Velocity Values for Left
Ventricular Relaxation in Normal Men
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Table 3. Regression Equations for Predicting Relaxation Time (RT) and Electromechanical Systole (QSz) From Heart Rate
Subjects
Age Range
Variable Equation SEE No. (yr) Source
RT (ms) -1.6 HR + 308 23.5 28 18-61 This study
QSz (ms) -1.9 HR + 523 20.1 28 18-61 This study
QS2 (ms) -1.7 HR + 508 16.7 122 20-80 Krayenbuhl et al. (16)
QSz (ms) -2.1 HR + 546 14.0 121 19-65 Weissler et al. (17)
HR = heart rate; SEE = standard error of the estimate; other abbreviations as before.
sure and the decreases in relaxation time. Ventricular di-
mensions and shortening fraction did not change with hand-
grip and the association between the normalized velocity of
lengthening ([dD/dt]/D) and the shortening fraction re-
mained (r = 0.51, P = 0.05).
The Valsalva maneuver resulted in decreases of the left
ventricular dimensions, duration of systole and the RR in-
terval. Although the mean value for relaxation time did not
decrease, this interval remained directly related to the RR
interval (r = 0.77, P < 0.01). The shortening fraction
increased but the (dD/dt)/D remained unaltered; the corre-
lation between these variables (r = 0.55, P = 0.09) was
of borderline significance in view of the small number of
subjects.
Isometric grip resulted in a decrease in the duration of
diastole (AzS,) that was almost as great (221 ms) as the
absolute decrease in the RR interval (262 ms). On the other
Figure 3. A plot of the regression line for (dD/dt)/D versus short-
ening fraction. The closed circles represent subjects under age 45
and the open circles are subjects 45 or older; their regression lines
were not significantly different (p > 0.05). The regression equation
for the combined data is y = 9.56X - 0.58. (dD/dt)/D = peak
velocity of lengthening divided by the left ventricular internal
dimension at end-diastole.
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hand, QSz decreased only 29 ms; consequently, systole (QSz)
occupied a larger proportion of the cardiac cycle. The rel-
ative proportions of diastolic intervals also changed as cycle
length was altered. As cycle length decreased, the absolute
decrease in the relaxation time interval was much less (27
ms) than the decrease in AzS, (221 ms) so that relaxation
time occupied a significantly greater proportion of diastole.
Discussion
Defining the relaxation time interval. Our echocardio-
graphic study of early diastolic events in human subjects
demonstrates that the time course of left ventricular relax-
ation is directly related to cardiac cycle length and this
period of relaxation occupies an increasing proportion of
diastole as cycle length decreases. Our definition of relax-
ation time is arbitrary, because there are no experimental
data to precisely indicate when ventricular relaxation, or
inactivation of the contractile units, begins or ends. We
chose the interval from the time of the minimal systolic
dimension to an easily definable point that corresponds to
the apparent end of the rapid filling wave (the point when
the first derivative of dimension has decreased to 50% of
the peak value); this interval encompasses protodiastole,
isovolurnic relaxation and rapid filling. In view of the non-
homogeneous contraction pattern of the normal heart, there
may still be some contractile activity when relaxation is
believed to have started. The same problem pertains to using
the aortic component of the second heart sound (Az) as the
onset of relaxation and, additionally, there is some varia-
bility between the point of ventriculoaortic pressure cross-
over and the onset of Az (18). The relation between relax-
ation time and the RR interval was similar whether one
defined the onset of relaxation time at minimal left ventric-
ular internal dimension in systole (LVIDs) or Az (unpub-
lished observations). We selected minimal systolic dimen-
sion for defining the onset of the relaxation time because it
would be more universally applicable with angiographic,
nuclear or echocardiographic studies and a phonocardiogram
is not required.
Gibson and Traill (1,19) studied diastole extensively, and
chose the point of minimal dimension to define the onset
lACC Vol 2, No 5
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p Value
Control I Control 2
Versus Versus
Vanable Control I Handgrip Control 2* Valsalva Handgrip Valsalva
Systolic blood pressure 107 ± 9 138 ± 8 104 ± 6 < 0.01
(mm Hg)
Cardiac cycle length 986 ± 132 724 ± 88 978 ± 126 780 ± 188 < 0.01 < 0.01
(ms)
LVIDd (cm) 5.0 ± 0.3 50 ± 0.4 50 ± 03 4.1 ± 0.4 NS < 0.01
LV systolic function
Shortening fraction 0.38 ± 004 036 ± 004 037 ± 005 0.43 ± 0.04t NS < 001
QSz (ms) 402 ± 22 373 ± 24 380 ± 29:j: 287 ± 50:j: < 0.05 < 0.01
-dD/dt peak (cm/s) 97 ± 09 10.2 ± 1.3 10.0 ± 10 10.4 ± 1.7 NS NS
LV relaxation
Relaxation time (ms) 214 ± 26 187 ± 24 205 ± 21 211 ± 30 < 0.05 NS
dD/dt peak (cm/s) 13 8 ± 2.6 149 ± 40 134 ± 3.7 11.7 ± I 5t NS NS
(dD/dt)/D (s : ') 279 ± 0.54 2.97 ± 076 2.69 ± 0.73 2.88 ± 0.43 NS NS
A2S, (ms) 625 ± 121 404 ± 75 620 ± 104 < 0.01
A2S,/RR 625 ± 48 553 ± 44 626 ± 43 < 001
Relaxation time/ AzS, 0.34 ± 005 0.46 ± 0.07 0.33 ± 004 < 001
*No significant differences between Control I and Control 2. tp :5 0 0 I versus handgrip :j:Measured as time from onset of QRS to left ventncular
rrnrurnal dimension in systole.
AzS, = duration of diastole; dD/dt = peak lengthening velocity of the left ventncular minor axis; (dD/dt)/D = dD/dt peak divided by the left
ventncular Internal dimension at end-diastole; -dli/dr peak = peak shortening velocity of the left ventricular nunor axis; LVIDd = left ventricular Internal
dimension at end-diastole: NS = not sigruficant: QSz = electromechanical systole. RR = cardiac cycle length.
of relaxation. Their echocardiographic recordings of the left
ventricle were, in comparison with the standard left ven-
tricular echogram, focused more superiorly within the ven-
tricle to include the posterior mitral leaflet. Consequently,
a portion of membranous septum may have been included
and the site for the posterior wall recording would have been
Figure 4. Plot of the inverserelationbetweencardiaccycle length
and the proportion of diastole (A'zS,) occupied by relaxation time
(RT/AzS I ) . The relation is linear (y = 0.61 - 0.265 -3 X) over
the range of heart periods (RR intervals) seen in our subjects at
rest.
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one of the last areas of the ventricle to be activated. By
having used this beam orientation, their minimal dimension
actually came after A2 and was almost synchronous with
mitral valve opening (19). Minimal systolic dimension from
the standardized ventricular echogram corresponds to the
traditional definition of the beginning of protodiastole and
would appear to be the most appropriate point from which
to initiate a measurement of relaxation time.
Rapid filling phase of relaxation. The major compo-
nent of the relaxation time interval is the rapid filling phase,
and its duration is also directly related to the RR interval.
This relation implies that the active process of relaxation
extends into the rapid filling phase. That is, the duration of
the period of rapid lengthening of left ventricular muscle is
influenced by the time course for inactivation of the con-
tractile units. Therefore, an interval that is to characterize
the time course of relaxation should include the rapid filling
phase. Although the time from minimal systolic dimension
to peak dD/dt (RTp) correlates with the relaxation time
interval (r = 0.74, P < 0.001) and might be a suitable time
interval for characterizing the relaxation process, its omis-
sion of half of the rapid filling phase makes it a less sat-
isfactory interval.
The time to peak dD/dt (RTp) seen in our normal subjects
(lSI ± ms) is similar to that reported in two previous studies
(20,21). In these reports this interval was derived from the
curve of time versus radioactivity of a gated radionuclide
angiogram. Bonow et al. (20) did not find a significant
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correlation between heart rate and the time to peak rate of
filling (r = -0.32). This correlation coefficient is similar
to what we observed between the RTp interval and RR
interval (r = 0.39, P = 0.05). Even though their correlation
coefficient was not significant, our data would suggest cau-
tion in the use of time to peak rate of filling without regard
to cycle length.
QS2 interval versus relaxation time. Changes in the
QS2 interval relate to the inotropic state of the heart (6).
The velocities of electrical systole, tension development and
fiber shortening are accelerated with positive inotropic in-
terventions (such as increases in heart rate) and the QS2
interval shortens. In studies of papillary muscle under a
number of experimental conditions (22,23) the rate of deac-
tivation of the contractile process has been shown to parallel
the rate of activation. In the intact heart the time constant
(T) of the decline in left ventricular isovolumic pressure
decreases with positive inotropic conditions (10,11,24,25).
Increases in heart rate have been shown to decrease the time
constant in both human subjects and animals (24-26). These
data are consistent with the concept that many positive ino-
tropic interventions, such as an increased heart rate, result
not only in more rapid activation and contraction, but also
a more rapid deactivation of the contractile elements. Our
observation that the slopes of the regression lines of QS2
and relaxation time on the RR interval are similar implies
that the relaxation time interval, like the QS2 interval, may
be affected by the inotropic state of the heart. Irrespective
of whether the inotropic state is the underlying cause for
the relation between the RR and relaxation time intervals,
it is evident that studies of the time course of relaxation
must relate this interval to the cardiac cycle length.
The additional observation that, even at heart rates at
rest, the proportion of diastole occupied by the relaxation
time is also dependent on the RR interval, means that studies
of indexes characterizing the time course of early relaxation
cannot simply express the index as a proportion of diastole.
Thus, either the interval must be related to heart rate, or
the heart rate must be controlled if group comparisons are
to be meaningful.
Although the A2D and A2E intervals are components of
the relaxation time. they were not affected by changes in
the RR interval. Both the A2D (isovolumic relaxation) and
A2E intervals are influenced by the left ventricular end-
systolic pressure and left atrial pressure (27,28), and the
A2E interval may also depend on the rate of left ventricular
filling (29). Because these intervals are subject to multiple
variables, they should not be used as indexes of the time
course of left ventricular relaxation.
Relation between extent of shortening and velocity of
lengthening. We have shown that even in the normal
group, the velocity of lengthening is directly related to the
extent of preceding shortening. The extent of shortening is
anticipated to be a major variable affecting the lengthening
velocity, because it determines the dimension through which
subsequent lengthening is likely to take place. Furthermore,
because the extent of shortening and the time constant of
isovolumic pressure decay are inversely related (10), it is
apparent that the biomechanical events of shortening can
affect the relaxation process. Studies of isotonic relaxation
in isolated cardiac muscle strips (9,30) have also shown that
the peak velocity of lengthening is closely correlated with
the extent, and not the velocity, of shortening. Our data and
two recent reports (20,21) in which gated radionuclide an-
giography was used to determine the peak filling rate as
related to ejection fraction, confirm that this relation be-
tween extent of shortening and velocity of lengthening is
present in the human heart. Consequently, for proper com-
parisons between patient groups and during interventions
within a group, the peak velocity of filling must be related
to the concurrent extent of systolic shortening.
Effect of handgrip and Valsalva maneuver on relax-
ation time course. Both isometric grip (31,32) and the
Valsalva maneuver result in increased sympathetic activity
and a modest increase in heart rate, but isometric grip in-
creases and the Valsalva maneuver decreases the systolic
wall tension. Preload is generally unaltered during isometric
grip exercise and is decreased with the Valsalva maneuver
in normal subjects (33). It is unclear how these changing
loads would affect the time course of relaxation because
there are conflicting data regarding the influence of systolic
load on the time constant of isovolumicrelaxation (8,10,11,25)
and there is no direct information as to how diastolic loads
affect the duration of the rapid filling phase. That diastolic
load may modify the time course of relaxation in man is
suggested by comparing the responses to isometric grip ex-
ercise and the Valsalva maneuver (Table 4). Both resulted
in comparable sympathetic stimulation as reflected by the
increases in heart rate and decreases in the duration of sys-
tole, yet the mean relaxation time interval decreased only
with handgrip. That the relaxation time interval did not
decrease during the Valsalva maneuver could be the result
of the influence of differing systolic loads on relaxation, but
is more likely to be the consequence of decreased venous
return during the Valsalva maneuver.
Role of diastolic load. Although the kinetics of the in-
activation process probably help define the time frame within
which the cardiac muscle can rapidly lengthen in response
to a load, the diastolic load itself can modify the velocity
of lengthening (34) and thereby could alter the time course
of the rapid filling phase. The latter phenomenon has been
observed in patients with mitral stenosis (1) and may have
contributed to the response we observed during the Valsalva
maneuver; that is, (dD/dt)/D and the relaxation time were
unaltered despite the respective increases in shortening frac-
tion and heart rate. The decreased venous return reduced
the diastolic load so that the velocity of lengthening was
decreased relative to the preceding systolic shortening and,
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9 Tarmya K, Sugawara M, Sakurai Y. Maximum lengthening velocity 28.
during Isotonic relaxation at preload in camne papillary muscle. Am
J Physiol 1979;237:H83-9. 29.
10. Weiss JL, Frederiksen JW, Weisfeldt ML. Hemodynamic deterrm-
nants of the time-course of fall in canine left ventricular pressure. J
ClIn Invest 1976;58.751-60. 30.
II. Gaasch WH, Blaustein AS, Andnas CW, Donahue RP, Avrtal B.
Myocardial relaxation. II Hemodynamic determinants of rate of left 31
ventricular isovolumic pressure decline. Am J Physiol 1980;239:H1-6.
12. Suga H, Sagawa K. Assessment of absolute volume from diameter of
the intact carnne left ventncular cavity J Appl Physiol 1974,36:496-9 32
13. Rankin lS. McHale PA, Arentzen CE, Ling D, Greenfield lCl, An-
derson RW. The three-dimensional dynamic geometry of the left ven-
tricle m the conscious dog. Circ Res 1976:39.304-13. 33.
14. Teichholz LE, Kreulen T, Herman MV, Gorhn R Problems m echo-
cardiographic volume determlnatlons:echocardiography-anglOgraphlc
correlations in the presence or absence of asynnergy. Am 1 Cardiol 34.
1976,37'7-14
therefore, the time course of the rapid filling phase did not
decrease in conjunction with the shorter RR interval.
Conclusions. Even though it is likely that a number of
factors influence the time course and rate of lengthening of
cardiac muscle, our data indicate that heart rate, extent of
systolic shortening and possibly the diastolic load are im-
portant variables for these measurements in human beings.
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